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Previews
The recent article by Puri and coauthors (Puri et al.,A MyoD-Dependent
2002) demonstrates that while various genotoxic agentsDifferentiation Checkpoint: arrest myoblasts at distinct points of cell cycle progres-
sion, they are not sufficient to promote differentiation.Ensuring Genome Integrity
On the contrary, treatment with genotoxic agents signifi-
cantly decreases the efficiency of myogenic differentia-
tion. This observation clearly indicates the existence of
two distinct checkpoints that regulate the fate of myo-
genic cells: a first checkpoint that blocks cell cycle pro-In a recent paper, the concept of a genotoxic stress-
gression in response to DNA damage, and a secondinduced differentiation checkpoint has been pro-
checkpoint that blocks terminal differentiation.posed. The suggested function of this checkpoint is
What are the mechanisms that mediate this novel reg-
to preserve the integrity of the genome in terminally
ulatory pathway? The genotoxic agents that arrest the
differentiated cells.
myoblasts in G1 also inhibit the transcriptional activity
of MyoD. Puri et al. show that activation of the differenti-
ation checkpoint requires phosphorylation of MyoD atThe ability of cells to respond to DNA damage is an
Tyr30, a modification that may change the transcrip-essential survival mechanism that ensures the integrity
tional activity of this key myogenic factor. The kinaseof the genome. Cellular mechanisms respond to various
that mediates the activation of the differentiation check-genotoxic agents by arresting proliferation at specific
point, and phosphorylates MyoD protein, was identifiedcell cycle checkpoints. Growth arrest is followed either
as the nuclear tyrosine kinase c-Abl. It should be notedby activation of DNA repair or by programmed cell death.
that c-Abl is a known mediator of DNA damage check-Checkpoint mechanisms are controlled to a large extent
points, and promotes apoptosis in proliferating cells inby the tumor suppressor proteins p53 and Rb. Their
response to DNA damage (Wang, 2000). Strikingly, thefunction is to prevent the propagation of mutant cells
function of c-Abl in regulation of differentiation check-
that could lead to developmental abnormalities and
points appears to be quite different. Puri et al. show
cancer.
Cell differentiation and subsequent formation of tis-
sues and organs is usually associated with permanent
cell cycle arrest followed by changes in cell morphology,
protein expression, and function. For many cell types,
arrest of proliferation induces the differentiation pro-
gram in an irreversible manner. Therefore, growth arrest
of precursor cells due to DNA damage could conceiv-
ably cause inappropriate differentiation prior to DNA
repair, leading to the formation of abnormal, nonfunc-
tional tissues. This differentiation of damaged precursor
cells would be avoided if the checkpoint-induced growth
arrest occurred at points within the cell cycle that are
incompatible with the differentiation process. For exam-
ple, for many cells types, differentiation can only occur
when the cells are in early G1/G0 phase (see Figure), and
will not be induced by growth arrest in G2/M. However,
some of the cell cycle checkpoint may coincide with
the exit into differentiation. In this case, multicellular
organisms will need an additional filtering system, a
“differentiation checkpoint,” which will not allow cells
with massive mutations to differentiate and form tissues.
Muscle differentiation begins with irreversible with-
drawal of myoblasts from the cell cycle. This growth
arrest is mediated and maintained by the Rb protein, Molecular Mechanisms Regulating Cell Cycle and Differentiation
Checkpoints in Muscletogether with p21 and other inhibitors of cell cycle pro-
gression. The subsequent activation of muscle-specific The recent article by Puri and coauthors (Puri et al., 2002) demon-
strates that while various genotoxic agents arrest myoblasts at dis-promoters at the onset of differentiation is regulated by
tinct points of cell cycle progression, they are not sufficient to pro-myogenic bHLH transcription factors, such as MyoD.
mote differentiation. On the contrary, treatment with genotoxicMyoD protein binds DNA and recruits coactivators and
agents significantly decreases the efficiency of myogenic differenti-corepressors of transcription to specific promoters (Sa-
ation. This observation clearly indicates the existence of two distinct
bourin and Rudnicki, 2000) and orchestrates the early checkpoints that regulate the fate of myogenic cells: a first check-
differentiation events that lead to the fusion of myoblasts point that blocks cell cycle progression in response to DNA damage,
and a second checkpoint that blocks terminal differentiation.into myotubes, and the formation of skeletal muscle.
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that the decrease in differentiation efficiency due to ge- tissues appear to possess populations of primitive pre-
cursor cells, also termed adult stem cells (Orkin and Zon,notoxic stress is fully reversible, and is not caused by
2002; Seale et al., 2001), which potentially participate inprogrammed cell death of treated myoblasts.
tissue maintenance and repair. It is important to find outThis extremely interesting work raises many questions
whether differentiation checkpoints exist in early tissue-and opens an entirely new direction of research. So far,
specific progenitors, and regulate their developmentalit appears that the differentiation checkpoint is MyoD
progression. Similarly, committed precursors such asdependent, and is either activated by the cell cycle
satellite cells in adult muscle may manifest similarcheckpoint or is independently induced by DNA dam-
checkpoints regulating their commitment and differenti-age. The article does not exclude either of these possi-
ation. Conceivably, this mechanism is involved in thebilities. However, the article shows that the growth arrest
formation of tumors from undifferentiated precursors, andof myoblasts, caused by genotoxic agents, induces the
it is very interesting to speculate whether the poor differen-expression of p53, whereas the differentiation check-
tiation of rhabdomyosarcomas reflects the inappropriatepoint itself is p53 independent. Moreover, the c-Abl ki-
activation of the differentiation checkpoint.
nase, which is typically inactive in the early G1/G0 cells,
in the presence of active Rb (Liu et al., 1996), appears
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Weissman (2002) have shown that Ero1p, the key en-Disulfide Bond Formation,
zyme in eukaryotes that generates disulfides, does soa Race between FAD and Oxygen by coupling disulfide bond formation directly to the con-
sumption of oxygen in a FAD-dependent reaction. This
is a very satisfying result. Ero1p had previously been
shown to oxidize protein disulfide isomerase, which in
The long-running race to find the source of oxidizing turn oxidizes folding proteins in the endoplasmic reticu-
potential for disulfide bond formation is over. The win- lum of eukaryotes (reviewed by Sevier and Kaiser, 2002).
ner is one of the first contestants to enter: oxygen. Ero1p had also been shown to be a FAD-dependent
enzyme (Tu et al., 2000).
The race to discover the primary source of oxidizingDisulfide bonds are so important for protein folding that
power began in the early 1960s when it was realizedtheir reduction will often cause proteins to unfold. An
that disulfide bond formation required an electron ac-initial idea was that disulfide bond formation is a sponta-
ceptor in vivo. The first candidate to enter this raceneous process that requires only the presence of oxygen
was molecular oxygen. Glutathione became a strongand perhaps an intermediary such as a flavin or metal
contender in 1992, when high levels of oxidized glutathi-to speed the process. A flurry of papers (reviewed by
one were detected in the endoplasmic reticulum (HwangSevier and Kaiser, 2002) reported instead that pathways
et al., 1992). It remained a favorite candidate until itof enzymes are responsible for the formation of disul-
was suddenly eliminated from competition (Cuozzo andfides and their transfer to folding proteins. These en-
Kaiser, 1999). The colorful flavin FAD entered the racezymes function in the endoplasmic reticulum of eukary-
at a very late point (Tu et al., 2000), making a very strongotes and in the periplasm of prokaryotes. Much of this
showing. The dependence of Ero1p-catalyzed oxidativework has focused on disulfide exchange reactions,
folding on excess FAD led to the impression that FADwhich neither generate nor destroy disulfides. Recent
may become reduced to FADH2 in Ero1p’s catalytic cy-work has started to illuminate the crucial step where
cle. Disulfide bond formation would then consume freedisulfides are created de novo. Ironically, this has
FAD. However this was very surprising, as FAD normallybrought us full circle; it now appears that oxygen and
functions as a tightly bound cofactor, not as an enzy-flavins do indeed play important roles in the formation
matic substrate (Massey, 2000). Oxygen, the originalof disulfide bonds.
In the November issue of Molecular Cell, Tu and contestant, was back up and running strong, with the
